Impedances and joint angles were simultaneously measured during ankle and knee movements. The correlation coefficients of the joint angle and the impedance change from human leg movement were obtained using an electro-goniometer and a four-channel impedance measurement system. Because the impedance changes resulting from ankle and knee movements depended heavily on the electrode placement, we determined the optimum electrode configurations for those movements by searching for high correlation coefficients, large impedance changes and minimum interferences in ten subjects (age: 20 ± 4). Our optimum electrode configurations showed strong relationships between the ankle joint angle and lower leg impedance (correlation coefficient = −0.91 ± 0.06) and between the knee joint angle and knee impedance (correlation coefficient = 0.94 ± 0.04). The reproducibilities of the impedance changes of five subjects due to the ankle and knee were 6.3 ± 1.9% and 5.1 ± 1.7% for the optimum electrode pairs, respectively. We propose that this optimum electrode configuration would be useful for future studies involving the convenient measurement of leg movements by the impedance method.
Introduction
Most of the commercially available human movement recording systems are complex, expensive and require technically trained operators (Begg et al 1989) . Software and hardware improvements in recent years are obviating the need for technical ability while reducing turnaround time. Although active and passive marker systems have proven successful in a variety of clinical applications, each has inherent limitations. Active marker systems require trailing wires for marker power and synchronization. This could make them unsuitable for subjects with locomotor impairments (Adrian and Cooper 1994) . Although other devices, such as video analyzer and infrared goniometry, have unique advantages, they are expensive, bulky and require a lot of space.
Electro-goniometry has been widely used to analyze human movement. Although electrogoniometry is an accurate and simple way of measuring the angular change of systems with one degree of freedom, it is inappropriate for detecting fast or complex movements with multiple degrees of freedom (Adrian and Cooper 1994) . Electro-goniometers need various types of sensors corresponding to the size of the subject. Even though some products use one type of sensor, the sensor attachment and its location are critical.
Surface EMG has been proven to be a technique for noninvasive muscle assessment (De Luca 1997 , Roetenberget al 2003 . EMG data are used for muscle contraction time analysis (Micera et al 2001) , amplitude modulation analysis during dynamic movement (Clancy et al 2001) and frequency analysis for the assessment of muscle fatigue (Bonato et al 2001) . Farina et al (2001) reported on the effects of joint angle on EMG variables for leg and thigh muscles. But they acquired EMG signals in isometric condition at different joint angles. Therefore, it is a challenge to determine whether a muscle is activated for motion or for a simple contraction or relaxation using an EMG. Because EMG signals are not proportional to the associated movement (Nakamura et al 1992) , it also requires additional signal processing and time to obtain useful information (Adrian and Cooper 1994, Koike et al 1996) .
It has been shown that human motion can be detected by using muscle impedance changes (Nakamura et al 1992 , Kim et al 2001 , Cornish and Fallah 2001 . Several researchers reported on the sport training and the applications of sport biomechanics compared with bio-impedance changes to EMG (Nakamura et al 1992 (Nakamura et al , 2001 ). The bio-impedance method was also used to analyze leg movement in some studies (Yamamoto et al 1984 , Yamamoto and Yamamoto 1987 , Seo 2001 . Seo (2001) studied the effect of measuring frequency on the impedance method to obtain accurate data for the evaluation of leg swelling. Kim et al (2001) performed robotic tele-operation by measuring the elbow impedance and converting them into elbow joint angles. Motion analysis using bio-impedance can be implemented with low cost, little restriction, and joint angles can be obtained without further complex calculation. Moreover, because the bio-impedance method does not use sensors such as electro-goniometers, it is not necessary to purchase various sensors.
In this study, we measured the impedance changes resulting from ankle and knee joint movements using a constructed four-channel impedance system, and determined optimum electrode configurations by examining (a) correlations between changes in impedance and joint angle, (b) magnitudes of impedance changes and (c) interferences from unwanted movements.
Materials and methods

System configuration
A four-channel impedance measurement system built for our previous study including a onechannel electro-goniometer was utilized (Kim et al 2001) . The voltage-to-current converter generated a constant current of 300 uA at 50 kHz. Disposable Ag-AgCl (RedDot, 3M, USA) electrodes of 10 mm diameter were used and a four-electrode system was adopted to reduce the effect of polarization impedance (Geddes and Baker 1989) . Power and signals were electrically isolated using a dc-dc converter (PPD10-5-1515, Nemic-Lambda, USA) and isolation amplifiers (ISO100, Burr-Brown, USA), respectively, for electrical safety reasons. The analog voltages by impedance changes were digitized by a 12 bit A/D converter (DT-9801, Data Translation, USA) at a rate of 50 Hz, and the low-pass filter (6th order, 10 Hz cut-off frequency) was applied to eliminate muscle noise and motion artifact.
Electrode configuration
The examined movements were extensions and flexions of the ankle and knee. Impedance changes resulting from leg movements are largely determined by muscle, blood volume changes and electrode positions (Cornish et al 1999 , Cornish and Fallah 2001 , Nakamura et al 2001 . Therefore, optimum electrode positions were investigated to ensure that impedance changes correctly reflected the angles of the ankle and knee. Ankle movements are usually related to the tibialis anterior and the gastrocnemius, and knee movements are primarily related to the biceps femoris and the quadriceps. Fourteen voltage detection and two current excitation electrodes were attached to the leg, as shown in figure 1. The current electrode on the right side of the abdomen is approximately 15 cm apart from electrode 11 in order to provide a uniform current distribution. H and W are distances between the medial epicondyle of the taloerural articulation and femur, and between the medial epicondyle of the femur and the hip bone, respectively (Gary et al 1995 , Hall 1995 . Electrodes 1, 3 and 5 were attached on the anterior plane of the tibia, and electrodes 2, 4, and 6 on its posterior plane. Electrodes 7 through 10 and 11 through 14 were attached to the anterior, medial, posterior and lateral planes of the femur in two rows, respectively. Impedance changes between two of the six electrodes (1 through 6) and the ten electrodes (5 through 14) were measured for ankle and knee movements, respectively.
To measure the ankle movement, the possible total number of pairs of the six voltage electrodes was 15 ( 6 C 2 = 6 × 5/2). However, there were only 12 pairs of useful voltage electrodes, as three pairs, (1, 2), (3, 4) and (5, 6), were directed roughly vertical to the current flow. Among the 12 pairs, an optimum electrode pair was selected to measure ankle movements based on the criteria that will be discussed next. For measuring the knee movement, the total possible number of pairs of the ten voltage electrodes was 45 ( 10 C 2 = 10 × 9/2), and there were 32 pairs of useful voltage electrodes, excluding the 13 pairs mentioned above.
Criteria for selecting optimum electrode configurations
Optimum electrode pairs were determined by using the following criteria: (i) a high correlation coefficient between the impedance and the joint angle, (ii) high SNR (signal-to-noise ratio) of impedance changes, where the signal is the magnitude of the impedance change, and noise is the impedance change resulting from the interferences mentioned below.
The correlation coefficients of ankle movement were obtained from the ankle joint angle data using an electro-goniometer (stage I in figure 2(a)) and the lower leg impedance (stage I in figures 2(b) and (c)) for two repetitions of extension and flexion, and those of the knee movement were obtained from the knee joint angle data (stage I in figure 3(a)) and figure 2(a) ), the knee joint moved from an extension of 0 to a flexion of 90
• (stage I in figure 3(a) ). Three kinds of interferences were examined as shown in stages II through IV in figures 2 and 3. For the ankle movement, 'interference I' was defined as the influence of the knee flexion/extension, 'interference II' as the influence of the hip extension and flexion and 'interference III' as the influence of the hip rotation. For the knee movement, 'interference I' was defined as the influence of the ankle extension/flexion, 'interference II' as the influence of the hip flexion/extension, and 'interference III' as the influence of the hip rotation. As both absolute impedance changes (signal) and interferences (noise) differ greatly for individuals, SNR was adopted. SNR I-III were defined as the ratios of the magnitudes of impedance changes to those of interferences I-III, respectively.
The correlation coefficients, impedance changes and three SNRs were obtained from ten subjects (age 20 ± 4 years; eight male and two female), and each optimum electrode configuration for the angle and knee joint movements was determined by the following method. The 'correlation coefficient', 'SNR I', 'SNR II' and 'SNR III' were ranked in descending order, respectively, as shown in tables 1 and 2. The 'score' was obtained by adding the rankings of these four criteria, except the 'impedance change' because the impedance change was already considered in SNR, and then the electrode pair with the smallest score was chosen as the optimum pair. −16.5 ± 3.8 −0.81 ± 0.06 (6) 7.5 ± 2.7 (5) 15.6 ± 4.4 (2) 19.7 ± 3.5 (1) 14 (3) (1, 3) −14.6 ± 3.3 −0.78 ± 0.09 (8) 9.9 ± 3.3 (2) 16.4 ± 4.5 (1) 16.5 ± 8.4 (7) 18 (4) (2, 4) −15.4 ± 3.8 −0.85 ± 0.08 (2) 5.9 ± 4.5 (6) 13.2 ± 2.1 (8) 16.5 ± 3.6 (6) 22 (5) (2, 6) −13.1 ± 4.1 −0.83 ± 0.07 (4) 5.2 ± 3.8 (8) 14.4 ±2.9 (6) 18.2 ± 3.4 (4) 22 (5) (1, 6) −12.9 ± 3.6 −0.79 ± 0.06 (7) 5.2 ± 2.8 (7) 15.4 ± 4.9 (4) 17.6 ± 2.9 (5) 23 (7) (4, 5) −10.2 ± 3.3 −0.73 ± 0.17 (9) 8.3 ± 4.3 (4) 14.3 ± 4.7 (7) 15.6 ± 8.6 (8) 28 (8) (3, 5) −8.6 ± 2.8 −0.84 ± 0.05 (3) 4.5 ± 4.2 (9) 11.2 ± 4.4 (10) 15.2 ± 5.2 (9) 31 (9) (4, 6) −6.6 ± 2.7 −0.73 ± 0.17 (9) 4.0 ± 5.4 (10) 13.0 ± 6.3 (9) 13.8 ± 7.3 (10) 38 (10) (1, 4) −7.7 ± 2.8 −0.52 ± 0.04 (12) 2.9 ± 4.0 (11) 9.2 ± 6.4 (11) 11.2 ± 7.7 (11) 45 (11) (3, 6) −6.3 ± 1.1 −0.72 ± 0.05 (11) 2.8 ± 4.9 (12) 9.1 ± 5.9 (12) 10.8 ± 7.9 (12) 48 (12) 23.9 ± 6.1 0.94 ± 0.06 (8) 16.3 ± 4.3 (7) 20.9 ± 2.9 (1) 24.0 ± 2.9 (3) 19 (2) (6, 7)
22.5 ± 7.2 0.93 ± 0.02 (12) 17.4 ± 3.5 (2) 20.4 ± 4.9 (3) 23.7 ± 3.0 (4) 21 (3) (5, 10) 22.5 ± 5.7 0.94 ± 0.01 (3) 16.4 ± 4.4 (6) 17.9 ± 0.3 (12) 24.2 ± 2.6 (2) 23 (4) ( 5, 8) 22.8 ± 5.3 0.94 ± 0.05 (7) 15.1 ± 4.1 (12) 20.8 ± 3.1 (2) 23.1 ± 3.3 (7) 28 (5) (6, 11) 25.6 ± 7.7 0.98 ± 0.04 (1) 17.8 ± 4.4 (1) 15.5 ± 5.0 (15) 21.1 ± 1.8 (13) 30 (6) (5, 12) 14.9 ± 4.3 0.94 ± 0.01 (3) 14.2 ± 5.3 (16) 20.3 ± 6.0 (5) 22.5 ± 3.4 (9) 33 (7) (6, 9) 18.8 ± 4.9 0.93 ± 0.02 (12) 16.5 ± 2.6 (5) 18.4 ± 3.1 (11) 23.2 ± 3.5 (6) 34 (8) (6, 14) 17.6 ± 4.2 0.95 ± 0.02 (2) 16.9 ± 4.2 (3) 14.6 ± 4.5 (16) 20.6 ± 2.3 (14) 35 (9) (6, 8) 22.8 ± 4.3 0.94 ± 0.07 (9) 14.9 ± 4.4 (13) 20.4 ± 6.0 (4) 22.1 ± 3.1 (10) 36 (10) (5, 9)
15.5 ± 6.6 0.93 ± 0.06 (14) 15.7 ± 4.0 (8) 18.5 ± 3.2 (9) 23.7 ± 3.2 (5) 36 (10) (5, 14) 14.4 ± 6.5 0.93 ± 0.01 (11) 15.4 ± 5.1 (9) 18.8 ± 3.4 (8) 22.7 ± 2.1 (8) 36 (10) (5, 11) 16.9 ± 5.7 0.94 ± 0.04 (5) 14.9 ± 5.3 (14) 18.5 ± 6.0 (10) 21.6 ± 2.7 (12) 41 (13) (5, 13) 13.8 ± 6.9 0.92 ± 0.02 (15) 15.2 ± 4.0 (10) 19.3 ± 2.1 (7) 21.8 ± 2.2 (11) 43 (14) (6, 13) 12.9 ± 5.3 0.94 ± 0.08 (10) 15.2 ± 4.5 (11) 15.5 ± 3.6 (14) 18.4 ± 4.9 (16) 51 (15) (6, 12) 11.7 ± 6.4 0.82 ± 0.34 (19) 12.9 ± 7.9 (18) 16.6 ± 8.8 (13) 19.1 ± 8.5 (15) 65 (16) With the determined optimum electrode configurations for ankle and knee movements, the reproducibility of the impedance changes due to these movements was obtained by measuring five subjects, five times each by two examiners over a two day period. Reproducibility was calculated by dividing the standard deviation by the mean impedance change (Webster 1992 ). Figure 2 shows the angle and the impedance changes for ankle movement for a 24-yearold male. Figure 2(a) shows the ankle joint angle measured by the electro-goniometer. It should be noted that the change in the impedance of the electrode pair (2, 5) increased when the ankle moved from extension to flexion, as shown in stage I of figure 2(b). This increase is thought to be due to the decreased blood volume of the region by the muscle contraction (Yamamoto et al 1984, Yamamoto and Yamamoto 1987) . Table 1 shows the means and standard deviations of the impedance changes, correlation coefficients and SNR I-III including the scores of ten subjects. 'Impedance change' in the second column was included to show its variability among electrode pairs and individuals. For the ankle movement, the electrode pair (2, 5) was determined to be optimum because it had the lowest score of 11. This pair was best in terms of the correlation coefficient (−0.91), the third best for SNR I (8.8), the fifth best for SNR II (14.9) and the second best for SNR III (19.5) . Figure 4 shows a relationship between the ankle joint angle and the lower leg impedance change measured using the optimum electrode pair (2, 5) during 20-repeated ankle extensions and flexions for 40 s. The correlation coefficient between the ankle angle and the lower leg impedance of the subject was −0.89. The reproducibility of the ankle impedance was 6.3 ± 1.9% using the optimum electrode pair (2, 5). Figure 3 shows the angle and the impedance changes for knee movement for a 24-yearold male. Figure 3(a) shows the knee joint angle measured by an electro-goniometer and For knee movement, the electrode pair (6, 10) was determined to be optimum because it had the lowest score of 16 in table 2. This pair was the fourth best in terms of the correlation coefficient (0.94) and SNR I (16.7), the sixth best for SNR II (19.5) and the best for SNR III (24.4). Only the top 16 out of 32 electrode pairs are shown in table 2. Figure 5 shows the relationship between the knee joint angle and the change in knee impedance measured using the optimum electrode pair (6, 10) during 20-repeated knee extensions and flexions for 40 seconds. The correlation coefficient between the knee angle and the knee impedance of the subject was 0.95. The reproducibility of the knee impedance was 5.1 ± 1.7% using the optimum electrode pair (6, 10).
Results
Ankle movements
Knee movements
Discussion
The correlation coefficients of the ankle and knee movements using both optimum electrode pairs (2, 5) and (6, 10) were −0.91 ± 0.06 and 0.94 ± 0.04, respectively. Influence of the knee movement on the ankle impedance was the largest for the measurement of the ankle movement, while influence of the ankle movement on the knee impedance was the largest for the measurement of the knee movement.
We found that the hysteresis effect occurred during relatively fast wrist extension and flexion at the speed of 1 s in our previous study (Kim et al 2001) . There seems to also be a hysteresis loop in figure 4. The hysteresis in the relationship between the joint angle and the impedance seems to be owing to different cross sectional areas of muscular tissues during joint flexion and extension as mentioned by Nakamura et al (1992) . However, there were no consistent trends of increasing or decreasing impedance change as repetitive movements.
Although the correlation coefficients of the ankle and knee movements were relatively high, the impedance method needs calibration for each individual requiring the measurement of corresponding impedances and joint angles for full extension and flexion as shown in stage I in figures 2 and 3. Then the quadratic function of the joint angle versus the impedance value is obtained by the regression analysis shown in figures 4 and 5. After this procedure, the joint angles can be obtained using the inverse regression function. Considering figures 4 and 5, not the ankle but the knee movement can be quite accurately measured using this proposed method.
Stages II-IV of figures 2 and 3 show the typical interferences or errors in measuring both ankle and knee movements, respectively. Tables 1 and 2 also show the SNRs that are defined as the ratio of signal-to-noise amplitude for the ankle and knee movements for the various electrode pairs. It can be noted that the measurement of the knee movement is less noise prone than that of the ankle one. Since the reproducibilities of the impedance method are quite good (6.3 and 5.1%) with reasonably good average SNRs (14.4 and 20.2) using the optimum electrodes (2, 5) and (6, 10) for the ankle and knee, respectively, this impedance method has potential as a new technique for gait analysis.
Although the ankle and knee movements of the right leg were analyzed in this study, both leg movements must be measured for the future gait analysis. In order to simultaneously measure both leg movements, a pair of current electrodes is necessary for both insteps of the feet. If both sides of arm and leg movements are to be measured simultaneously, two pairs of current electrodes should be attached; one pair on the left back of the hand and the instep of the foot and the other pair on the right side. However, two different carrier frequencies are necessary to avoid the interference between the left and the right channels. There is no way to avoid many electrodes in the impedance method like other techniques such as sensors in the goniometer and markers in the video motion analyzer. However, the cumbersome cables in the impedance technique can be eliminated by adopting wireless technologies such as Bluetooth (Nam et al 2004) .
The proposed method has two limitations. One is that calibration is needed to get an absolute angle value for each individual. The other is that the impedance values showed little reliable relationship at the full extended or flexed joint angles as shown in figures 4 and 5. Therefore, the reliable measurement angle ranges are from −5 to 50
• for the ankle and from 20 to 100
• for the knee, respectively.
Conclusions
Impedance measurement does not require high computational power. The impedances are highly correlated with the joint angle without further signal processing. Moreover, this method has few constraints on motion and workspace and it is very inexpensive, unlike goniometry or the video motion analyzer. Therefore, the optimum electrode configurations determined in this study could be helpful for gait analysis. And, as the impedance method provides us with the joint angle and EMG with force, it could be a powerful tool for future bio-dynamics study if these two methods were combined and wireless technology was implemented. The other area of its future application would be monitoring an elder's activity in an isolated room and animal leg movement.
